We propose a model of electrical conduction through self-assembled monolayers ͑SAM's͒ of organic molecules that bridge the gap between a pair of nanoscale metallic contacts. In this model each molecule bonds chemically to only one of the contacts. For dense SAM's the dominant electric current path is through two overlapping molecules each bonded to a different metal contact whereas for dilute SAM's the current flows through a single molecule. The model accounts quantitatively for the experimental data of M. A. Reed et al. ͓Science 278, 252 ͑1997͔͒ on gold break junctions containing benzene-dithiol ͑BDT͒ SAM's, including the magnitude of the measured differential conductance. It also accounts for the striking differences between the data on the Au/BDT system and the recent measurements of J. Reichert et al. ͓cond-mat/0106219, 2001 ͑unpublished͔͒ on a somewhat different system, namely, the strong asymmetry of the current-voltage characteristic and the larger size of the differential conductance found in latter experiments. We also present calculations of electron transport through dense and dilute SAM's of SC 6 H 4 S-CH 3 molecules. Experiments on these systems should test the validity of the proposed model.
I. INTRODUCTION
During the past few years there have been several remarkable experiments measuring electrical conduction through small organic molecules connecting nanoscale metallic contacts.
1- 6 The experiments showed that these novel molecular wire systems have a variety of interesting transport properties such as rectification, 3 negative differential resistance, 7 and switching behavior 4 to name just a few. There has also been theoretical work providing insights into the measured phenomena. 2,8 -15 Some of these molecular wire experiments involved the measurement of the electrical conductance of self-assembled molecular monolayers ͑SAM's͒ bridging a mechanically controlled metal break junction. 1, 6 A break junction is made by spanning two metallic contacts by a metallic nanowire, which is then stretched and broken using piezos. This yields two atomically sharp metallic nanocontacts. In the experiments 1,6 the break junction was exposed to a solution of the organic molecule of interest. The molecules, which were functionalized at both ends with a chemical group that binds with the metal, self-assembled onto both of the metallic tips. The solution was then evaporated, leaving behind two metal tips coated with organic molecules. The tips were then brought together, a bias voltage was applied between them and the resulting electric current that flowed from tip to tip through the SAM's was measured.
In the first experiment of this type 1,4 benzene-dithiol ͑BDT͒ molecules formed the self-assembled monolayers on the tips of a gold break junction. 1 The break junction was exposed to a solution of BDT for a long period of time, resulting in high coverage SAM's on both gold tips. Measurements on this system at room temperature displayed an apparently insulating region for bias values between approximately Ϫ0.7 and 0.7 volts, nearly symmetric differential conductance in the range from Ϫ4 to ϩ4 volts and some asymmetry at higher bias. The measured conductance was much lower than the quantum 2e 2 /h that sets the conductance scale for single-channel metallic nanowires; the first conductance plateau occurred at a resistance of 22M ohm. More recently, experiments have been performed with similar but somewhat larger molecules, with SAM's of much lower coverage on the gold tips. 6 These systems displayed quite different properties than in the first experiment: The differential conductance was sometimes asymmetric and the current could only be measured to approximately 1 volt before breakdown occurred. The measured current was also larger than in the first experiment, a resistance of 1 M ohm being measured at a bias of 1 V. The reasons for these differences are not fully understood, however it has been suggested 6 that the conductance asymmetry observed in the latter experiments 6 may be due to the molecule being more strongly coupled electrically to one metal tip than to the other.
There have been several theoretical studies of the BDT/ gold break-junction system and they have yielded qualitatively similar results. 11, [13] [14] [15] All of these studies considered a single molecule bridging the two gold contacts with a chemical bond formed between each gold tip and the molecule. They all found a region of lower differential conductance at low bias due to the Fermi level of the gold contacts falling within the HOMO-LUMO gap of the molecule, and strong increases in the differential conductance at higher biases due to the onset of transport through resonant states of the molecule hybridized with the metal tips. The calculated conductance curves were symmetric in the bias voltage since the molecule was assumed to be bonded symmetrically to the two gold contacts. These features of the calculated conductance resemble the experimental data qualitatively and the increases in the calculated conductance occur at values of the bias voltage similar to those in the experiment. However the magnitudes of the calculated electric currents and differential conductances 11, [13] [14] [15] exceeded the experimentally measured values 1 by factors ranging from approximately 20 to several hundred, depending on the specifics of the molecular wire geometry being modeled.
In this article, we explore an alternate explanation of the first experiment 1 and find that it is able to account for the observed data. The first puzzle that it addresses is why the observed conductance is so low, even though it has been demonstrated theoretically 11, [13] [14] [15] that the system has the potential to exhibit much higher conductances. A second question that it addresses is why the observed current-voltage characteristic of the system changes little when the break junction with the SAM's is pulled apart and brought back together many times at room temperature, 1 even though within the framework of the previous theoretical models this process would require the breaking of chemical bonds and the attendant local disruption and possible rearrangement of the SAM's and/or gold atoms involved in the bonding. A third question that it addresses is why one experiment 1 displays a symmetric differential conductance curve while the other 6 is occasionally asymmetric. It also accounts for the magnitude of the measured conductance being considerably larger in the second experiment 6 than in the first.
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In the model that we propose here, each molecule is chemically bonded to only one contact. In the first experiment 1 where the SAM coverage is high, we suggest that the current is carried not through one single molecule, but through ͑at least͒ an overlapping pair of molecules, with one molecule bonded to each tip. It has been previously shown theoretically, that having neighboring molecules through which the current can flow can have important consequences. 9 Here we consider the effects that overlapping BDT molecules may have in the break-junction measurement.
In the present model the low observed conductance in the first experiment 1 is a consequence of the weak electrical coupling between the two overlapping molecules: Although each molecule may have strong electrical coupling to the lead to which it is attached, the rate limiting step is the transmission of electrons between the two molecules. This is akin to electrical conduction in graphite, which consists of stacked graphene layers: The in-plane conductivity is metallic, while the conductivity perpendicular to the planes is lower by two or more orders of magnitude. 16 In the present model because no chemical bonds are formed between the overlapping molecules or between the two leads, the SAM's are easily pulled apart with no requirement for bond breaking and the process is reversible. Regarding the observed symmetric behavior of the differential conductance, 1 we argue that this symmetry arises from the system having the ability to sample all possible energetically favorable configurations of the overlapping molecules. Hence even though a given configuration of the two molecules may be asymmetric, because of thermal fluctuations the mirror configuration will also be sampled. Hence the average over the transport properties of all configurations yields a symmetric result, the small residual asymmetry of the current voltage characteristic in the first experiment 1 being due to differences between the atomic structures of the two tips. For experiments where the SAM coverage is low, asymmetric coupling can occur between the two metallic contacts. 6 This has been shown to lead to asymmetric differential conductance. 17 The break down at relatively low bias in the second experiment occurs because the gold tips form a short, since they are not stabilized by a dense SAM. 6 Finally an experiment comes readily to mind that would test the above explanation: Instead of using a molecule that has thiols on both ends, consider a molecule that is capped on one end by a group such as CH 3 that is known not to form a chemical bond to gold 18 so that a single molecule cannot bond to both metal tips. We show below that if the tips are coated with dense SAM's of such molecules then behavior very similar to that observed in the BDT break junction system 1 should occur because the current would be carried through a pair of overlapping molecules rather than through a single molecule. However, for low density SAM's where the occurrence of an overlapping pair of molecules at the tips is unlikely, asymmetric differential conductance should be observed. Our calculations for the CH 3 -capped BDT system also indicate that if the current flows from contact to contact through a single molecule quite high electron transmission probabilities can be obtained even if only one end of the molecule bonds chemically to a metal contact. This offers a possible explanation as to why the conductance observed in the second experiment 6 was larger than in the first. 17 In Sec. II we briefly discuss the possible configurations of the BDT-gold break-junction system that have been proposed previously together with our proposal of overlapping BDT molecules bonded to the opposing metal tips, in relation to what is known experimentally and theoretically about the structure and energetics of SAM's of similar molecules on gold surfaces. In Sec. III we summarize the method that we use to calculate the electron transport properties of the systems in Sec. II, and then present the results of our calculations. We also present our results for a system that can be used for an experimental test of our suggestion that the current flows through overlapping molecules in the BDT-gold break-junction system. Our conclusions are given in Sec. IV.
II. STRUCTURAL AND ENERGETIC CONSIDERATIONS
Figures 1͑a͒ and 1͑b͒ show a single 1,4 benzene-dithiol ͑BDT͒ molecule bridging a pair of gold nano-contacts. The two configurations shown are representative of those that have been studied theoretically to date. 11, [13] [14] [15] In Fig. 1͑a͒ the sulfur end groups bind over a hollow site on the gold tips ͓in this case a fourfold site on ͑100͒ gold tips͔. In this configuration there is strong chemical and electrical coupling between the gold s and d valence orbitals with the and states on the molecule. In Fig. 1͑b͒ , the sulfur atoms chemically bind over a single gold atom on each tip. In this case, the valence s orbital on the gold atom is only electrically coupled to the states on the molecule because of symmetry, while the d and p orbitals on the gold atom have electrical coupling to both and states on the molecule. There is no overwhelming evidence in the literature for either configuration ͑a͒ or ͑b͒. A self-consistent study of SCH 3 on gold showed that it is energetically favorable for the sulfur to sit over hollow sites on the gold surface. 19 Experimental work on SAM's made of thiol-containing molecules seem to give evidence of both configurations. 20, 21 SAM's where the sulfurs bind over hollow sites tend to have the molecules oriented perpendicular to the surface, while those where bonding occurs on top of a Au atom or on a bridge site tend to have the molecules tilted with respect to the surface normal. 22 In the next section, transport results will be presented for these two configurations showing that neither of them adequately explains the experimental findings.
Instead of the above configurations that involve only a single molecule in an essential way, we propose that the current may flow through overlapping molecules as is illustrated in Fig. 1͑c͒ . For the experiment where the break junction was exposed to a solution of BDT for a long period of time, 1 it is reasonable to assume that most of the possible binding sites on each gold surface would be occupied. Hence when the SAM-coated tips are brought together it seems unlikely that a single molecule would be able to form chemical bonds to both contacts. Instead, we suggest that opposing molecules on each tip overlap as is shown in the figure. The ends of the molecules that do not bond chemically to a gold surface remain as thiols ͑SH͒.
Since two molecules are involved it is necessary to consider the orientation of each molecule with respect to the other: Because the experiment was done at room temperature 1 it is reasonable to assume each molecule to be subject to vibrational and rotational excitations. With two neighboring molecules, steric constraints also should play a role. Although, undoubtedly, both molecules rotate and vibrate with respect to each other we argue that on average the faces of the two benzene rings should be oriented perpendicularly to each other because of electrostatic effects. The rings of carbons in similar molecules have been shown to have negative charge on their sides, whereas the hydrogens all have positive charge. 22 Thus a favorable configuration of two rings which minimizes the electrostatic energy should be one in which they are oriented perpendicularly to each other; this has been found to give rise to herring-bone patterns in molecular dynamics simulations of SAM's of benzene-thiol and similar molecules on gold.
22 Figure 1͑c͒ shows a possible configuration, where each molecule on the tip is bonded over a hollow site and the molecules orient themselves to avoid steric clashes and minimize the electrostatic forces between them. In this configuration there is strong chemical and electrical coupling between a given molecule and the gold lead to which it is attached, but weak electrical coupling between the overlapping molecules.
III. ELECTRON TRANSPORT CALCULATIONS
Before presenting the results of our transport calculations for the above systems, we comment briefly on the theoretical method that we use. 11 In the literature a variety of techniques have been used to evaluate the transport properties of molecular wire systems. Most calculate the current using the Landauer approach which relates the electric current to single-electron scattering. 23, 24 Where they differ is in how they solve the scattering problem. Here, methods range from semiempirical tight-binding approaches 2, 8, 11, 12 to selfconsistent techniques with varying degrees of sophistication, 10, 14, [25] [26] [27] [28] and more recently full many-body treatment. 29 Depending on the system being studied, the approaches yield qualitatively and often quantitatively similar results. 10, 30 In this study our principal objective is to compare the currents and conductances calculated for quite different models that involve large numbers of atoms, and to include the effects of disorder. The calculated currents and conductances differ from model to model by orders of magnitude. Because of this a semiempirical tight-binding approach to the solution of the scattering problem is sufficiently accurate for the present purpose while being well suited to treating the large numbers of atoms involved. ͑However later in this section we also discuss qualitatively some of the effects that should be expected from self-consistent corrections to the scattering potential.͒ In order to make a proper comparison between the predictions of the different models possible we present our results for the new model introduced in this article together with I͑V ͒ϭ 2e
where F(,T) is the equilibrium Fermi distribution with s/d ϭE F ϮeV/2 the source/drain electrochemical potentials, E F the common Fermi energy, and T is the temperature. The differential conductance is calculated by taking the derivative of the current with respect to bias voltage, dI/dV.
The transmission probability and differential conductance were calculated for each of the systems depicted in Fig. 1 , Sec. II. We simulate the junction region using gold clusters to which we attach the BDT molecule͑s͒. Each ͑100͒ gold cluster consists of a 4ϫ4, 3ϫ3, and 2ϫ2 layer of atoms, forming a 29 atom cluster which forms each tip of the metal break junction. ͓In the case of on-site binding, an extra gold atom is placed on top of the 2ϫ2 layer as shown in Fig.  1͑b͒ .͔ The full s, p, d set of gold valence orbitals is used to model these clusters except where it is explicitly stated otherwise. The BDT molecule consists of a benzene ring with the 1 and 4 hydrogens replaced with sulfur atoms. For the case where we consider overlapping BDT molecules, one end remains a thiol, which has a hydrogen bonded to the sulfur as shown in Fig. 1͑c͒ . The sulfur atoms that bond to the gold are positioned 2 Å from the ends of the gold clusters. We use the standard extended Hückel parameters 31 to represent the valence orbitals of each atom in the system, and evaluate the necessary site energies, hopping energies and overlaps that make up the Hamiltonian and overlap matrices that go into the solution of Schrödinger's equation. We attach to this molecular junction, semi-infinite 5ϫ5 simple cubic multimode leads to act as source and drain. Each atom in the lead is simulated using just a single goldlike s orbital. We include disorder by randomly displacing each atom in the gold clusters by a distance consistent with the Debye-waller factor for gold. For the BDT molecule, we consider random displacements of each atom in the plane of the ring. We do this to approximate the vibrational disorder that will be present in the above systems at room temperature. For the overlapping ring system, we consider one molecule to assume a random tilt angle ͑between 20 and 40°) with respect to the normal from the gold surface and then orient the second BDT molecule so that its ring is oriented perpendicular to the first, allowing for 20°fluctuations. We impose steric constraints by demanding that the atoms between the two BDT molecules be at distances у3 Å. The transmission probabilities shown below are the average of transmission probabilities over 20 atomic configurations for each system shown in Sec. II.
In Figs. 2͑a͒ and 2͑b͒ , the average transmission probability is shown as a function of incident electron energy for the two cases where a single molecule bridges the break junction. The case of binding over a hollow site is shown in Fig.  2͑a͒ . There are several broad resonances where strong transmission occurs. These resonances are due to highly hybridized molecule/gold states, with the resonances below Ϫ10 eV being due to the molecular HOMO states and those above Ϫ9 eV arising from the LUMO states. The weak resonance at Ϫ8.2 eV is due to the LUMO * state which is localized on the benzene ring. Similar behavior can be seen for the solid line in Fig. 2͑b͒ which corresponds to the on-site binding configuration. The resonances occur at slightly different incident energies due to the different hybridization which arises from the different coupling of the molecule to the metal contacts. The multiple resonances near Ϫ8.2 eV are due to the single LUMO state. Because coupling to it is weak, the effects of disorder are most clearly FIG. 2. Calculated average transmission probability at zero applied bias over 20 different atomic configurations for ͑a͒ the system shown in Fig. 1͑a͒, ͑b͒ Fig. 1͑b͒, and ͑c͒ Fig. 1͑c͒ . seen, as the energy level shifts due to vibrational effects. Of note is the dashed curve in Fig. 2͑b͒ . This corresponds to a calculation where only gold valence s orbitals are used. In this case, the states of the HOMO and LUMO are much more weakly coupled to the gold because of the orthogonality between the s orbital and the orbitals. The magnitude of the transmission is down significantly. However, the solid curve, which corresponds to using all the valence orbitals of gold, reveals that there is in fact strong electrical coupling even in the situation where the sulfurs bind directly over a single gold atom. The HOMO states couple to the valence d orbitals of gold while the LUMO states couple to the p orbitals as well. Hence, extended Hückel theory predicts the electrical coupling to be strong for both hollow site and onsite binding situations.
Because of the strong electrical coupling, the calculated conductance of the molecular junction for the above two configurations is much higher than that found experimentally.
1 This is shown in Figs. 3͑a͒ and 3͑b͒ , in which we present the calculated differential conductance for the two cases. The Fermi energy was chosen to be Ϫ9 eV, which is consistent for the parameters used for gold in the above simulations. The peaks in the differential conductance can be attributed to conduction through the hybridized LUMO and HOMO states. Quantitatively, the conductances in Figs. 3͑a͒ and 3͑b͒ are 2-3 orders of magnitude greater than those found experimentally. Figure 2͑c͒ shows the average transmission probability for the configurations of two overlapping molecules that are described in Sec. II. Because of the weak electrical coupling between the two BDT molecules, the overall magnitude is down by 2-3 orders from Figs. 2͑a͒ and 2͑b͒ . 32 With the weaker coupling, the molecular resonances are sharper as the broadening due to hybridization is reduced. The additional resonances at the LUMO are now due not only to vibrational disorder but also to the fact that the wave function overlap between the two molecules results in a splitting of the almost degenerate LUMO levels. In the limit of averaging over an infinite number of configurations these peaks would smear into one broad peak. Figure 3͑c͒ shows the calculated differential conductance at room temperature for the case of overlapping molecules. The first rise in conductance is due to resonant transmission between the LUMO of the molecules. The second rise can be attributed to transmission between the next LUMO state and also the HOMO state. The qualitative and quantitative agreement with the experimental data 1 is quite striking: Not only do the features in the calculated differential conductance curve appear at same values of the bias as in the experimental data, but also the magnitude of the calculated conductance is close to that which was observed in the experiment.
We now address briefly the effects that the changes in the self-consistent potential that result from the bias applied between the contacts should have on the transport results, as the above differential conductance plots were calculated from the transmission probabilities evaluated at zero bias. As a test of the sensitivity of our results to such corrections we calculated the transmission probabilities at several applied voltage biases for all the above systems making plausible assumptions regarding the form of the self-consistent potential profile across the molecule. For cases ͑a͒ and ͑b͒ which had only a single molecule bridging the junction, it was assumed that the voltage drops only at the metal contacts ͑an assumption that is supported qualitatively by the results of self-consistent calculations for some strongly coupled molecular wire systems 26 -28 ͒ and determined that the resonances do not shift appreciably. For the case of overlapping molecules, we assumed that 75% of the voltage drops between the two molecules while the other 25% drops at the metal contacts ͑this is a simple assumption which may or may not reflect the true potential profile of the system͒. We found that the resonances do shift somewhat and that the transmission probability is asymmetric as a function of voltage for a given configuration of the two overlapping molecules. This might lead one to conclude that the conductance properties then must also be asymmetric as a function of voltage, which would be in disagreement with what was found experimentally. 1 However, because all possible orientations of the two molecules are being sampled in the course of a measurement, for each orientation of the two molecules, the mirror image of that orientation will also occur. For example, given configuration A of the overlapping molecules, and configuration B being its mirror image, we found the following relations between transmission probabilities: T A (E,V) T A (E,ϪV), but T A (E,V)ϭT B (E,ϪV). The total transmission at nonzero bias in this system will be an aver- Hence, the situation where the current would be carried by overlapping molecules does yield symmetric differential conductance characteristics consistent with what was found experimentally. It is also important to note that the orders of magnitude of the differential conductances calculated for the model configurations ͑a͒, ͑b͒, and ͑c͒ did not change overall when these changes were made in our model potential profiles, further supporting the validity of our conclusions.
The present interpretation of the results of the BDT/Au break junction experiment 1 may be tested experimentally by carrying out measurements on a system in which the SAM's consist of molecules such that only one end of the molecule may bond chemically to a gold contact. In an experiment where SAM's of high coverage are allowed to form on both contacts, we predict that similar behavior to that observed in the BDT/Au break junction experiment 1 should be seen, namely, very weak conductance and symmetric dI/dV as a function of applied bias. If the current is actually being carried via a single molecule, then we would expect asymmetric conductance due to the asymmetric coupling of the single molecule to the metal contacts.
We have modeled the transport properties of two overlapping SAM's made of SC 6 H 4 S-CH 3 molecules. This molecule is the same as a BDT molecule except that one of the sulfurs is capped by a methyl group. The methyl group should not form a chemical bond with the gold surface. Hence the molecule will only bond chemically to the gold via the sulfur at the end of the molecule not capped with the methyl group. When the break junction is brought together, the molecules on the gold tips should overlap but not be able to form a chemical bond to a second gold tip. Thus the possibility of a single molecule bonding symmetrically to the two gold tips is ruled out in this experiment and for dense SAM's the dominant path for electron transport will be from one molecule to the other. Figure 4͑a͒ shows the average transmission probability for this system. The magnitude is similar to that of Fig. 2͑c͒ . The differences between the transmission probability of BDT and that of BDT capped with a methyl group is due to the slightly different orbitals that arise by capping with the CH 3 . The calculated differential conductance is shown in Fig. 4͑b͒ . Again it displays features similar to those for the overlapping BDT molecules. The first rise in conductance is again due to resonant transport through the LUMO's of the two molecules. This is followed by a sharp rise in conductance corresponding to the strong resonance with the HOMO near 3 volts. Hence we predict that capped BDT molecules should yield similar transport characteristics to those of BDT when the two dense SAM's overlap.
Finally we argue that for a measurement where the SAM density is low, and only a single molecule of the CH 3 -capped BDT bridges the gap, asymmetric differential conductance should result. Because of the weak coupling at one contact, the system is asymmetric and the transport characteristics at negative bias will be different from those at positive bias. To verify this we have calculated the transmission probability for this system at an applied bias of Ϫ2 V, 0 V and ϩ2 V which is shown in Fig. 5 . A simple potential profile was assumed-the potential drops linearly across the weak contact. ͑We base this assumption on self-consistent calculations which have shown that in systems that have a weak contact, the potential drops roughly linearly across the gap. 28 ͒ It can be seen that the transmission probability for the case where the applied bias is Ϫ2 V ͑short-dash͒ is different from the ϩ2 V ͑long-dash͒ situation. Because of this asymmetry, the differential conductance will not be symmetric between negative and positive bias. Although a simple potential profile was assumed, we believe that qualitatively similar results would also be obtained if the potential were calculated selfconsistently. Hence, a single BDT-CH 3 molecule in a breakjunction should display asymmetric transport characteristics as a function of applied bias. We predict that qualitatively similar behavior should be seen for benzene-thiol SAM's as well.
It should also be noted that the strengths of the transmission resonances in Fig. 5 are considerably larger than those in Fig. 4͑a͒ . This implies that the magnitude of the conductance of a break junction bridged by a single BDT-CH 3 molecule can be larger overall than the conductance of an overlapping pair in a junction with dense SAM's, even though the methyl group does not bond chemically to the gold. ͑Here we have assumed that the gold surface is clean with no adsorbate between it and the methyl group.͒ Within our model this result is consistent with the observation that the measured resistance ͑1 M ohm at a 1 V bias͒ of the junction bridged by a single molecule in the second experiment 6 is much smaller than the resistance measured in the first experiment. 
IV. CONCLUSIONS
In conclusion, we have proposed a model of electrical conduction through self-assembled molecular monolayers that bridge mechanically controlled metal break junctions. In this model each molecule bonds chemically to only one of the contacts. For dense SAM's the dominant electric current path is through two overlapping molecules each of them bonded to a different metal electrode whereas for dilute SAM's the current flows through a single molecule. The model accounts quantitatively for the experimental findings of Reed et al.
1 on electron transport through gold break junctions containing benzene-dithiol SAM's, including the magnitude of the measured differential conductance that was not explained satisfactorily in previous theoretical work. The model also accounts qualitatively for the striking differences between the experimental results of Reed et al. 1 and the more recent measurements of Reichert et al. 6 on a somewhat different system, namely the asymmetry of the currentvoltage characteristics and the much larger size of the differential conductance found in latter experiments. We have also presented calculations of electron transport through break junctions containing both dense and dilute SAM's of SC 6 H 4 S-CH 3 molecules. Experiments on these systems should provide a convincing test of the validity of the present model.
